Kaposi's Sarcoma Herpesvirus (KSHV) is the causative agent of Kaposi's Sarcoma (KS) and two rare lymphoproliferative disorders, primary effusion lymphoma (PEL) and the plasmablastic variant of multicentric Castleman's disease (MCD). The KSHV latencyassociated nuclear antigen-1 (LANA), required for the replication and maintenance of latent viral episomal DNA, is involved in the transcriptional regulation of viral and cellular genes and interacts with different cellular proteins, including the tumour suppressor p53. Here, we report that LANA also recruits the p53-related nuclear transcription factor p73, which influences cellular processes like DNA damage response, cell cycle progression and apoptosis. Both the full-length isoform TAp73a, as well as its dominant negative regulator DNp73a, interact with LANA. LANA affects TAp73a stability and sub-nuclear localisation, as well as TAp73a-mediated transcriptional activation of target genes. We observed that the small-molecule inhibitor Nutlin-3, which disrupts the interaction of p53 and p73 with MDM2, induces apoptotic cell death in p53 wild-type, as well as p53-mutant PEL cell lines, suggesting a possible involvement of p73. The small-molecule RETRA, which activates p73 in the context of mutant p53, leads to the induction of apoptosis in p53-mutant PEL cell lines. RNAi-mediated knockdown of p73 confirmed that these effects depend on the presence of the p73 protein. Furthermore, both Nutlin-3 and RETRA disrupt the LANA-p73 interaction in different PEL cell lines. These results suggest that LANA modulates p73 function and that the LANA-p73 interaction may represent a therapeutic target to interfere with the survival of latently KSHV-infected cells.
INTRODUCTION
Kaposi's Sarcoma Herpesvirus (KSHV) is the causative agent of Kaposi's Sarcoma (KS) and two rare lymphoproliferative disorders, primary effusion lymphoma (PEL) and the plasmablastic variant of multicentric Castleman's disease (MCD). [1] [2] [3] Even though KSHV is recognised as a tumour virus, the mechanisms underlying its tumourigenic effects are incompletely understood. KSHV infection of primary endothelial cells extends cell survival and induces angiogenesis without resulting in the transformation of endothelial cells, 4 and causes chromosomal instability. 5 Although not capable of transforming mature B-cells in culture, 6 KSHV is required for the survival of PEL cells in culture. [7] [8] [9] The majority of KSHV-infected cells is latently infected. Among the few viral genes expressed during latency, latency-associated nuclear antigen-1 (LANA) is required for latent viral replication and segregation of the viral genome during mitosis by tethering the viral genome to cellular chromatin. Furthermore, LANA interacts with many cellular proteins, including the tumour suppressors p53 and pRb, and regulates the expression of several cellular and viral genes. 10 Among nearly 200 LANA-regulated cellular genes, seven are related to p53 signalling. 11 Two homologues of p53, p63 and p73, also occur in mammalian cells. Although p53 is a well-known tumour suppressor protein, the role of p73 is more diverse and includes regulation of the cell cycle, senescence, apoptosis and an involvement in neuronal development.
12 p53 and p73 share a similar protein architecture. In contrast to p53, the p73 gene is expressed in a variety of alternatively spliced variants. 13 Internal promoters lead to the expression of transcriptionally active as well as N-terminally truncated (DN) isoforms that lack the transactivating (TA) domain and act as dominant negative regulators of p53 and p63 or p73 isoforms possessing the TA domain. 14 p53 and p73 can activate an overlapping set of cellular genes affecting cell cycle regulation, DNA damage response and apoptosis, such as p21, gadd45 and bax. 12 The key regulator of p53 is mouse double minute-2 (MDM2), promoting ubiquitination and subsequent degradation of p53 (Oliner et al., 15 Haupt et al., 16 Honda et al. 17 and Kubbutat et al. 18 ). In contrast, MDM2 associates with p73 and inhibits its transcriptional activity by preventing its acetylation by p300/CPB and subsequent activation. 19 Many viruses antagonise p53 and/or p73; examples include adenovirus E1B55K and SV40 large T-antigen, [20] [21] [22] HTLV-1 Tax 23 and the E6 and E7 proteins of HPV. 24, 25 Unlike in the majority of all cancers, 26 p53 mutations are infrequent in KSHV-associated malignancies, 27, 28 and the role of p53 in KSHV-associated pathogenesis appears to be complex. LANA interacts directly with p53 and represses p53-mediated transcriptional activity. 29 Furthermore, p53 was reported to be 1 ubiquitinated and degraded in the presence of LANA. 30, 31 However, p53-mediated DNA damage signalling was reported to be intact in PEL cells and activation of the p53 pathway using the MDM2 small-molecule inhibitor Nutlin-3 caused specific activation of apoptosis in PEL cells with wild-type p53 (Petre et al. 32 and Sarek et al.
33
). In PEL cells, LANA exists in a complex with p53 and MDM2, which disintegrates upon activation of p53 by DNA damage or treatment with the MDM2 inhibitor Nutlin-3, thereby restoring the normal function of the p53 tumour suppressor protein. 34 Here, we investigate if LANA affects the p53 family member p73. We report that LANA interacts with two p73 isoforms and stabilises both post-transcriptionally. The MDM2 small-molecule inhibitor Nutlin-3, known to disrupt the interaction of MDM2 with p53 and with p73, as well as the small-molecule RETRA, known to release p73 from its interaction with mutant p53, both disrupt the LANA-p73 complex and induce apoptosis in a range of PEL cell lines with mutant or, in the case of Nutlin-3, also wild-type p53. Furthermore, the induction of apoptosis by Nutlin-3 or RETRA in PEL cell lines is substantially diminished if p73 protein levels are transiently reduced by RNAi, especially in p53-mutant cell lines. These results suggest that the ability of LANA to modulate p73 function contributes to the survival of PEL cells, in particular in the absence of functional p53.
RESULTS

LANA interacts with TAp73a and DNp73a
Many oncogenic viruses manipulate the tumour suppressor protein p53 and some also affect the p53-family member p73. We investigated if LANA influences p73 function and found that LANA transfected into p53-null H1299 cells co-immunoprecipitates with transfected TAp73a (Figure 1a ) and DNp73a (Figure 1b) . These interactions could be confirmed with co-immunoprecipitation experiments in p53 wild-type HEK 293T cells (Supplementary Figure S1) , as well as in naturally KSHV-infected PEL cell lines. In the BC3 PEL cell line, endogenously expressed LANA interacted with microporated TAp73a and DNp73a, whereas no interaction could be detected in KSHV-negative BJAB (Figures 1c, d) . The interaction of endogenous LANA with microporated TAp73a was reproducibly stronger in comparison with its binding to microporated DNp73a (Figure 1d ). Furthermore, the interaction of TAp73a and LANA could also be demonstrated with endogenously expressed TAp73a and LANA in all PEL cell lines tested (BC1, BC3, BCP1, BCBL1) (Figure 1e ). These results demonstrate that LANA, in addition to the previously reported interaction with p53, interacts with at least two isoforms of p73.
In agreement with the observed interaction of LANA and TAp73a, gel filtration chromatography of naturally KSHV-infected BC3 revealed that TAp73a eluted in complexes between 400-600 kDa (Supplementary Figure S2A) that also contain LANA, p53 and MDM2. This suggests the existence of higher-order complexes consisting of LANA, MDM2 and p73 or LANA, MDM2 and p53, as previously shown. 33, 34 Several viral proteins including KSHV ORF69 (Santarelli et al.) 35 and LANA 36 are found to be associated with the nuclear matrix, a nuclear substructure that remains after the majority of DNA and soluble as well as chromatin-bound proteins have been removed from the nucleus with high-salt concentrations (Supplementary Figure S2B) . Furthermore, p73 is redistributed and translocated to the nuclear matrix in response to ionising radiation. 37 To investigate if LANA also affects the nuclear distribution of TAp73a, we performed nuclear matrix fractionations of KSHV-positive B-cell lines and KSHV-negative BJAB cells. In line with Ben-Yehoyada et al., 37 TAp73a is redistributed to the nuclear matrix (fraction IV) of KSHV-negative cells (BJAB) 48 h after ionising irradiation (20Gy) (Supplementary Figure S2C) . Although TAp73a was not detectable in the nuclear matrix of untreated BJAB, we could detect TAp73a in the nuclear matrix in all KSHV-positive PEL cell lines tested (Supplementary Figure S2C) , as well as in BJAB latently infected with KSHV (BJAB rKSHV.219) (Supplementary Figure S2D , right panel) without the need for irradiation. Employing a BJAB cell line with doxycycline-inducible LANA expression, we observed that, as the expression of TAp73a was only slightly increased in presence of LANA (Supplementary Figure 2D , left panel), the induced expression of LANA alone was sufficient to cause redistribution of TAp73a to the nuclear matrix (Supplementary Figure S2D, right panel) . Together, these results underline the interaction of LANA and TAp73a and indicate that LANA and TAp73a form a complex in vivo.
p53, TAp73a and DNp73a share a common binding region in the C-terminal domain of LANA As p53 and p73 share a common domain architecture, we next investigated the binding regions of these proteins in LANA. GSTpulldown experiments with N-and C-terminal truncation mutants of LANA revealed that p53, as well as TAp73a and DNp73a, show binding to both regions of LANA (Figures 2a-c) . We further analysed the binding of p53 and TAp73a within the C-terminal domain of LANA and observed a similar binding pattern of both proteins to the different truncated LANA GST fusion proteins (Figures 2a-d) , in particular to the proteins LANA C, C4, C5, C8 and C8b. Therefore, we concluded that the construct C8b, consisting of amino acids 1026-1055, contains a common binding region for p53 and TAp73a within the C-terminus of LANA (Figure 2a ). The transactivation domain of TAp73a appears to be negligible for the interaction, as TAp73a and DNp73a both bind to the N-and C-terminus of LANA.
LANA stabilises TAp73a and DNp73a protein levels p53 activity is closely related to its stability and LANA was reported to promote p53 degradation. 31 Therefore, we investigated the effect of LANA on the stability of p73. After blocking de novo protein synthesis with cycloheximide (CHX) in HeLa cells transfected with HA-TAp73a or HA-DNp73a, TAp73a and DNp73a levels decreased more slowly in the presence of LANA, suggesting an increased stability of TAp73a and DNp73a in the complex with LANA (Figures 3a and b) .
Small molecules Nutlin-3 and RETRA induce apoptotic cell death in KSHV-positive PEL cell lines To investigate the functional importance of the LANA-p73 complex, we employed two small-molecule compounds shown to affect p73 activity. Nutlin-3 disrupts the interaction between MDM2 and p53, as well as between MDM2 and p73, leading to the activation of p53 and p73 and their downstream targets. 38, 39 Nutlin-3 had already been tested on PEL cell lines and found to cause cell death in PEL cell lines with wild-type p53 status, but not in KSHV-uninfected B-cell lines. [32] [33] [34] In cells with mutated p53, the small-molecule compound RETRA releases p73 from an inhibitory complex with mutant p53 and thereby also restores p73 function. 40 We first investigated the effect of Nutlin-3 on the metabolic activity of PEL cells with either wild-type (BC3, BC1) or mutant p53 (BCP1, BCBL1, CroAP/6), as well as KSHV-negative B-cell lines with mutant p53 (BJAB, DG75), using a MTT assay. Although the CroAP/6 cell line had been described as p53 wild-type in the gene segment where most mutations occur in other cancers, 41 we found, by sequencing the entire p53 gene, a deletion of 16 bp within intron 3 that might affect splicing (Supplementary Table 1 ). All PEL cell lines tested, independently of their p53 status, were sensitive to Nutlin-3 treatment at the dosage of 7 mM: the metabolic activity was decreased by 70-90% after 96 h of Nutlin-3 treatment in all PEL cell lines except BCBL1, which showed a moderate decrease of B40% in metabolic activity ( Figure 4a ). We confirmed functional signalling up-and downstream of p53 and p73 in Nutlin-3-treated cell lines. Treatment of the p53 wild-type PEL cell lines (BC3, BC1) with Nutlin-3 for 12 h led to an increase in p53, MDM2 and p21 protein levels, as well as to phosphorylation of p53 on Ser15, and increased the levels of phosphorylated H2AX (gH2AX), a marker of DNA damage, although the mutant p53, KSHV-negative BJAB and DG75 showed no such response (Figure 4b ). Interestingly, the KSHV-infected, p53-mutant PEL cell lines (BCBL1, BCP1, CroAP/6) also responded to Nutlin-3 treatment by increased levels of p53, phosphop53(Ser15), MDM2 and p21.
Trypan blue exclusion assay indicated that Nutlin-3 treatment leads to induced cell death in all PEL cell lines tested (Supplementary Figure S3A) . Furthermore, we performed an effector Caspase 3/7 activity assay to analyse Nutlin-3-mediated apoptosis induction directly. We observed an increased Caspase 3/7 activity following Nutlin-3 treatment in all PEL cell lines tested irrespective of their p53 status, but not in KSHV-negative B-cell lines; however, the increase was two to four times higher in p53 wild-type cell lines (BC3, BC1) compared with p53 mutant PEL cell lines (BCBL1, BCP1) (Figure 4c ). The induction of apoptosis could be confirmed by immunoblotting for the Caspase 3 target PARP-1 (Poly-(ADP-ribose)-polymerase 1), which showed PARP-1 cleavage, a marker for apoptosis, 42 in all PEL cell lines tested, but not in the KSHV-uninfected B-cell lines (Figure 4d ). Furthermore, we observed increased levels of the p53/p73 downstream target and proapoptotic BAX (Bcl-2-associated X) protein in all PEL cell lines analysed. The susceptibility of both p53 wild-type and p53 mutant PEL cell lines to Nutlin-3 suggests that an additional pathway beyond p53 can be activated by Nutlin-3 in all PEL cell lines. were microporated with the expression construct for HA-tagged TAp73a or pcDNA3.1( À ) as empty vector control and lysed after 48 h. Co-IP and immunoblotting were performed, as described for a, using antibodies against LANA and TAp73 to detect immunoprecipitated proteins. (d) Co-IP of endogenous LANA with TAp73a and DNp73a in BC3 cells. BC3 cells were microporated with the indicated HA-tagged expression constructs or pcDNA3.1( À ) as empty vector control and lysed after 48 h. Co-IP was performed, as described in a. (e) Co-IP of endogenous LANA with endogenously expressed TAp73a in different PEL cell lines. Co-IP and IB were performed, as described for a, using antibodies to LANA and TAp73 to detect immunoprecipitated proteins. As a control, duplicate samples were immunoprecipitated with a control IgG.
To further investigate the ability of active TAp73a to induce cell death in PEL cell lines, we tested the effect of the small-molecule RETRA, which is known to suppress mutant p53 cancer cells through a p73-dependent pathway, 40 on the proliferation of PEL cell lines with wild-type and mutated p53. RETRA decreased metabolic activity in p53-mutant PEL cell lines (BCBL1, BCP1, CroAP/6) as assessed by MTT assay, whereas no effect was observed in either PEL cell lines with wild-type p53 (BC3, BC1) or KSHV-negative B-cell lines with mutant p53 (BJAB, DG75) (Figure 5a ). Furthermore, RETRA induced gH2AX phosphorylation and decreased p53 levels in all PEL cell lines with mutant p53, but not in PEL cell lines with wild-type p53; it also increased the levels of the p53/p73 target p21 in two of the PEL cell lines with mutant p53 (Figure 5b) .
The inhibition of metabolic activity and induction of p53/p73-dependent genes observed with RETRA was accompanied by a marked increase in cell death in the p53-mutant PEL cell lines, as assessed by trypan blue exclusion assay (Supplementary Figure  S3B) . Furthermore, we observed a strong increase of Caspase 3/7 activity (Figure 5c ), specifically in the p53-mutant BCBL1 and BCP1 PEL cell lines. Induction of apoptosis by RETRA could be further confirmed by immunoblot revealing increased PARP-1 cleavage in these cell lines, as well as an increase of the extra-large isoform of BIM (Bcl-1-interacting mediator of apoptosis), a BH3-only proapoptotic member of the Bcl-2 family (Figure 5d ).
Nutlin-3 and RETRA induced apoptosis in PEL cell lines is reduced after p73 knockdown To elucidate the impact of p73 on the observed effects mediated by Nutlin-3 and RETRA in PEL cell lines, we transiently transfected siRNA targeting p73 24 h before the treatment with Nutlin-3 or RETRA and performed a Caspase 3/7 activity assay. The microporation of PEL cell lines with p73 siRNA led to a decrease of TAp73a protein levels by 60-85%, whereas the expression of p53 or LANA was not affected (Figure 6a) . Caspase 3/7 activity was substantially reduced in the p53-mutant cell lines BCBL1 and BCP1 24 h after the treatment with Nutlin-3 (Figure 6b ) or RETRA (Figure 6c ), confirming the impact of p73 on the observed induction of apoptosis. Interestingly, we observed a moderate reduction of Nutlin-3-induced Caspase 3/7 activity also for the p53 wild-type cell line BC3, suggesting that p73 might also be involved in Nutlin-3-mediated cell death when wild-type p53 is present.
Nutlin-3 and RETRA disrupt the LANA-TAp73a complex The apoptotic effects mediated by Nutlin-3 and RETRA on PEL cell lines were accompanied by a disruption of the LANA-p73 complex. As shown in Figure 7a , treatment of the p53 wild-type PEL cell line BC3 with Nutlin-3 reduced the amount of endogenous TAp73a co-immunoprecipitating with LANA. Likewise, treatment of the p53 mutant PEL cell lines BCP1 and BCBL1 with RETRA abolished the interaction of endogenous TAp73a and LANA (Figure 7b and data not shown). These results suggest that, in particular in p53 mutant PEL cells, disruption of LANA-TAp73a complex restores p73-dependent expression of cellular genes such as p21 or BAX, involved in cell cycle arrest or apoptosis induction, and thereby leads to induction of cell death in PEL cells.
Furthermore, the repressive effect of LANA on p53-mediated activation of the p53/p73 downstream target Bax (Wong et al. 43 and Supplementary Figure S4A ) could also be observed after activation of the bax promoter by TAp73a in co-transfection experiments performed in p53-null H1299 cells (Supplementary Figure S4B) , indicating that LANA generally affects not only p53-but also p73-mediated transcriptional regulation.
Taken together, our findings illustrate that the interaction of LANA with TAp73a results in the inhibition of TAp73a without reducing TAp73a protein levels. Disruption of the LANA-TAp73a complex could therefore represent a possible approach to restore TAp73a function.
DISCUSSION
The mechanisms involved in KSHV-associated tumourigenesis are poorly understood. The tumour suppressor p53 has a key role in the DNA damage response, cell cycle regulation and apoptosis when DNA is damaged. p53 is affected by latent (LANA) and lytic (RTA, vIRF-1, -3, K-bZIP) KSHV proteins, indicating its importance for the KSHV life cycle. [44] [45] [46] [47] Although p53 interacts with LANA, leading to repressed transcriptional activation of p53-dependent target genes and perhaps its degradation, 29, 31 p53-dependent signalling due to DNA damage seems to be intact in KSHV-infected PEL cell lines, as the MDM2 inhibitor Nutlin-3 was shown to induce cell death in KSHV-infected PEL cells. 32, 33 This observation has been interpreted to indicate that p53-dependent pathways can still be activated by pharmacological means.
The p53-family member p73 also has a role in response to stress and DNA damage, as TAp73 knockout mice show increased genomic instability, infertility and are tumour prone. 48, 49 The structural and functional similarities of p53 and p73 led us to investigate the effects of KSHV on different p73 isoforms.
We found that LANA interacts with at least two different p73 isoforms, the full-length TAp73a and its dominant negative form DNp73a. This interaction of LANA and TAp73a is independent of the presence of p53, as we could detect the interaction in p53-null (H1299) and p53 wild-type (HEK 293T) cell lines. TAp73a and p53 share a common binding region in the C-terminal domain of LANA, reflecting their similar domain structure. Furthermore, LANA causes the relocalisation of TAp73a to the nuclear matrix and seems to be present in higher-order complexes with p53 and with TAp73a in PEL cells.
Unlike p53, which has been reported to be ubiquitinated and degraded by the ability of LANA to recruit an EC5S ubiquitin complex, 31 TAp73a and DNp73a levels appear to be stabilised by LANA. This could be the result of the recruitment of p73 into a LANA-containing complex that would protect p73 against proteolytic degradation. However, despite stabilising TAp73a, LANA inhibits at least some of its functional activity, in particular the ability of TAp73a to activate the p53-and p73-responsive promoter of the pro-apoptotic Bax protein. This effect was specific for TAp73a, as no effect of LANA on DNp73a-mediated transcriptional regulation could be observed (data not shown).
The current standard treatment for PEL includes doxorubicin, which activates a p53-dependent DNA damage response in PEL cells. 32 Because of its ability to reactivate p53-dependent signalling, Nutlin-3 was suggested as an additional treatment option for patients with wild-type p53 status. 32, 33 As Nutlin-3 also affects TAp73a-MDM2 complexes 39 and as we observed induction of apoptotic cell death mediated by Nutlin-3 in p53 wild-type and p53 mutant cell lines, we investigated the effect of RETRA on PEL cell growth. RETRA acts by disrupting a complex of mutated p53 and p73, and thereby restores p73 function. 40 We observed that RETRA reactivates p73-dependent signalling in p53-mutant PEL cell lines, revealed by the increased expression of the p53/p73-dependent cell cycle regulator p21, and leads to the induction of apoptosis in these cell lines. Furthermore, RETRA induces the expression of BIM EL , a pro-apoptotic member of the Bcl-2 family, shown to be specifically activated by p73 in different experimental settings. [50] [51] [52] By silencing p73 expression with the help of siRNA, we could confirm the involvement of p73 in the Nutlin-3 and RETRAmediated induction of apoptosis in p53 mutant PEL cell lines. The moderate decrease of Nutlin-3-induced Caspase 3/7 activity also in the p53 wild-type cell line BC3 after knockdown of p73 could suggest that p73 might, at least partly, be involved in Nutlin-3-mediated apoptosis in p53 wild-type cells. This potential interplay of p53 and p73 might explain the two to fourfold higher induction of Caspase 3/7 activity after Nutlin-3 treatment in the BC3 and BC1 p53 wild-type cell lines in comparison to p53 mutant BCBL1 and BCP1. As the siRNA used in our experiments targets all p73 isoforms, we cannot exclude that other isoforms than TAp73a might be involved in the observed effect.
The moderate effects of Nutlin-3 on the p53-mutant BCBL1 cell line might be explained by the high basal levels of early and late KSHV lytic proteins detected in this cell line (data not shown), as the induction of the lytic cycle was shown recently to diminish effects of Nutlin-3 on PEL cell lines. 53 We also found that both Nutlin-3 and RETRA disrupt the LANAp73 complex in different cell lines, suggesting that releasing p73 from its interaction with LANA could restore its function. Disruption of the interaction between KSHV LANA and TAp73a with Nutlin-3 and RETRA might antagonise the LANA-mediated post-transcriptional stabilisation of TAp73a, and thereby explain the observation that TAp73a protein levels were not increased Cells were incubated for 12 h with Nutlin-3 (7 mM) ( þ ) or vehicle control (DMSO) ( À ) and whole-cell lysates were analysed by SDS-PAGE and immunoblotting using the indicated antibodies. (c) Nutlin-3 induces apoptosis in PEL cell lines. PEL cell lines with wild-type p53 (BC3, BC1), mutant p53 (BCBL1, BCP1) and KSHVnegative, mutant p53 cells (BJAB and DG75) cultured for 24 h with Nutlin-3 (7 mM) or vehicle control (DMSO) were analysed by a luminescent Caspase 3/7 activity assay. Samples were normalised to cell viability as assessed by trypan blue exclusion assay and the activity of the DMSO sample was subtracted as background. Results are presented as the mean of two independent experiments±s.d. (d) Nutlin-3 induces PARP-1 cleavage. Cells were incubated for 24 h with Nutlin-3 (7 mM) ( þ ) or vehicle control (DMSO) ( À ) and whole-cell lysates were analysed by SDS-PAGE and immunoblotting using the indicated antibodies. The arrow indicates a PARP-1 cleavage product.
after Nutlin-3 or RETRA treatment in PEL cell lines, as described in other experimental systems in the absence of LANA. 39, 40 The results shown here could provide an explanation for the seemingly controversial observation that LANA appears to induce p53 degradation, 31 yet p53-dependent signalling and DNA damage responses can be restored by compounds such as Nutlin-3. As Nutlin-3 also restores p73-dependent signalling, 39 releases p73 from its complex with LANA and induces reduced apoptosis induction after transient p73 knockdown, it seems to act, at least in part, through an activation of the p73 pathway. Our observations suggest that the ability of LANA to neutralise the function of TAp73a, in addition to that of p53, may have an important role in the survival of virus-infected cells, and long-term latent persistence. As p53 and p73 both appear to bind to the same 30aa-region of LANA (amino acids 1026-1055), it is conceivable that they share the same binding site in LANA and that this site could represent a therapeutic target to interfere with viral persistence.
MATERIALS AND METHODS
DNA expression constructs
The expression vectors for full-length LANA, as well as LANA GST fusion proteins, were described previously. 54, 55 In addition, the constructs C8a, C8b and LANA N were generated by PCR (see Supplementary Table 2 for primer sequences). The PCR products were inserted into pGEX4T1 and all constructs were sequenced. HA-tagged human p53 in pcDNA was kindly provided by M Dobbelstein (University of Gö ttingen, Germany), HA-tagged TAp73a by Curt M Horvarth (Northwestern University, Evanston, IL, USA) and used after sub-cloning into a pcDNA3.1 vector, and HA-tagged DNp73a in pcDNA by M Tomassino (IARC, Lyon, France).
The luciferase reporter construct containing the p53-responsive promoter region of the human gene bax (in pGL3Basic) was kindly provided by K Vousden (Beatson Institute for Cancer Research, Glasgow, UK).
Cell culture and reagents HEK 293T, HeLa and p53-null H1299 cells were cultured in DMEM, 10% FCS, 50 IU/ml penicillin and 50 mg/ml streptomycin. The KSHV-and EBVnegative B-cell lines DG75 and BJAB, BJAB stably infected with KSHV (S Kati et al., in preparation) and the KSHV-infected PEL cell lines (BC1, BC3, BCBL1, BCP1, CroAP/6) were maintained in RPMI 1640, 20% FCS, 50 IU/ml penicillin and 50 mg/ml streptomycin, and in case of BJAB rKSHV.219, 4.2 mg/ml puromycin. For the doxycycline-inducible eGFP or eGFP-LANA BJAB cell lines, retroviral vectors encoding eGFP or eGFP-LANA as a fusion protein were used to transduce BJAB cells (details available on request). To determine the p53 status of the CroAP/6 cell line, genomic DNA was isolated using the DNA Blood Kit (Qiagen, Hilden, Germany) and the entire Transient transfection and protein stability assay Adherent cells seeded in six-well plates were transiently transfected with FuGENE transfection reagent (Promega, Madison, WI, USA), whereas B-cells were microporated using the Neon transfection system (Invitrogen, Carlsbad, CA, USA). For CHX kinetics, CHX (50 ml/ml) was added 24 h after transfection and cells were lysed at the indicated time points in TBST lysis buffer (20 mM Tris-HCl, pH 7.5; 1 mM EDTA; 100 mM NaCl; 1% Triton X-100) supplemented with protease inhibitors. Protein amounts were determined using Bradford assay; samples were adjusted accordingly and analysed by SDS-PAGE and immunoblot. For transient siRNA transfection, B-cells were microporated with non-targeting or p73 siRNA (Dharmacon, Lafayette, CO, USA) using the Neon transfection system (Invitrogen).
Binding assays
Production of GST fusion proteins and GST-pulldown assays were performed as previously described. 56 For immunoprecipitation assays, the monoclonal antibody a-LANA (ABI, Columbia, MD, USA) was immobilised to Protein G-sepharose beads (GE Healthcare, Uppsala, Sweden). Cells were lysed in TBST lysis buffer with protease inhibitors, and the cleared lysate was incubated with prepared beads overnight at 4 1C. Samples were washed extensively with TBST supplemented with 1% sodium deoxycholate. Beads were resuspended in loading buffer and the samples were analysed by SDS-PAGE and immunoblot.
Immunoblotting SDS-PAGE and subsequent immunoblotting were performed using the following antibodies: rat a-LANA (ABI), mouse a-p73 (IMG-246, Imgenex, San Diego, CA, USA) (the antibody detects all TAp73 isoforms), rat a-HA (clone 3F10, Roche, Indianapolis, IN, USA), mouse a-p53 (Ab-6, Calbiochem, Nottingham, UK), rabbit a-p53 (FL-393, Santa Cruz Biotechnology, Santa Cruz, CA, USA), mouse a-phospho p53 (Ser 15) (Cell Signaling Technology, Beverly, MA, USA), mouse a-actin (Sigma, St Louis, MO, USA), mouse a-gH2AX (Upstate, Lake Placid, NY, USA), mouse a-p21 (BD Biosciences Pharmingen, San Jose, CA, USA), mouse a-MDM2 (BD Biosciences Pharmingen), mouse a-PARP-1 (F2, Santa Cruz), rabbit a-BIM (C34C5, Cell Signaling Technology), rabbit a-BAX (D2E11, Cell Signaling Technology). The ImageJ 1.42q software (National Institute of Health, Bethesda, MD, USA) was used to digitally quantify signal intensities of Western blot bands.
MTT cell proliferation assay Cells (4 Â 10 4 cells per 96-well) were incubated with the indicated inhibitors or vehicle control (DMSO). At the designated time point thereafter, cells were incubated with 50 mg/ml MTT (Sigma) in OPTI-MEM for 2 h at 37 1C. The reaction was stopped with isopropanol and MTT metabolism was measured at an OD 550 and normalised to OD 620 . Results are based on triplicate samples and assays were independently repeated at Figure 6 . Nutlin-3 and RETRA-induced apoptosis in PEL cell lines is dependent on TAp73a. (a) PEL cell lines with wild-type p53 (BC3), or mutant p53 (BCBL1, BCP1) were microporated with siRNA targeting all isoforms of p73 or non-targeting siRNA (siCntr) and whole-cell lysates were analysed after 48 h by SDS-PAGE and immunoblotting using the indicated antibodies. (b) PEL cell lines with wild-type p53 (BC3) or mutant p53 (BCP1) were microporated with siRNA targeting all isoforms of p73 or non-targeting siRNA (siCntr) and after 24 h, cells were treated with Nutlin-3 (7 mM) or vehicle control (DMSO). 24 hours after treatment, apoptosis induction was analysed by a luminescent Caspase 3/7 activity assay. Samples were normalised to cell viability as assessed by trypan blue exclusion assay and the activity of the DMSO control was subtracted as background. Results are presented as the mean of three independent experiments ± s.d.; statistical analysis was performed using a one-sample t-test (twotailed) and differences were considered to be significant with Po0.05. (c) PEL cell lines with mutant p53 (BCBL1, BCP1) were microporated with siRNA targeting all isoforms of p73 or nontargeting siRNA (siCntr) and after 24 h, were treated with RETRA (5 mM) or vehicle control (DMSO). 24 h after treatment, apoptosis induction was analysed, as described in b. Figure 7 . Small-molecules Nutlin-3 and RETRA disrupt the LANATAp73a complex. Input and Co-IP of endogenous LANA with endogenously expressed TAp73a in (a) p53 wild-type BC3 cells, treated with Nutlin-3 (7 mM) ( þ ) or vehicle (DMSO) ( À ) or (b) p53 mutant BCP1 cells, treated with RETRA (4 mM) ( þ ) or vehicle (DMSO) ( À ), 12 h before harvest. CoIP was performed, as described in Figure 1e .
